Abstract -The retina is responsible for coding the light stimulus into a nervous signal that is transferred to the brain via the optic nerve. The retina is formed by the association of the neurosensory retina and the retinal pigment epithelium that is supported by Bruch's membrane. Both the physical and metabolic associations between these partners are crucial for the functioning of the retina, by means of nutrient intake and removal of the cell and metabolic debris from the retina. Dysequilibrium are involved in the aging processes and pathologies such as age-related macular degeneration, the leading cause of visual loss after the age of 50 years in Western countries. The retina is composed of several populations of cells including glia that is involved in cholesterol biosynthesis. Cholesterol is the main sterol in the retina. It is present as free form in cells and as esters in Bruch's membrane. Accumulation of cholesteryl esters has been associated with aging of the retina and impairment of the retinal function. Under dietary influence and in situ synthesized, the metabolism of cholesterol is regulated by cell interactions, including neurons and glia via cholesterol-24S-hydroxylase. Several pathophysiological associations with cholesterol and its metabolism can be suggested, especially in relation to glaucoma and age-related macular degeneration.
Introduction
The retina is the neurosensory tissue that covers the internal part of the posterior pole of the eye. The retina is formed by the association of the neuroretina and the retinal pigment epithelium (RPE) that is supported by Bruch's membrane (BrM). Beyond the physical vicinity of the neuroretina and RPE, their metabolic links are crucial for the functioning of the neuroretina. It is now widely accepted that dysfunctions of RPE, and alterations of BrM properties participate to the aging process in the neuroretina. Aging is the prominent risk factor for the development of Age-related Macular Degeneration (AMD), the leading cause of visual loss after the age of 50 years in Western populations (Klein and Klein, 2013) . AMD is characterized by its early stages called maculopathies, and late forms: geographic atrophy also called dry AMD, and neovascular AMD (or wet AMD). Accumulation of lipids, including cholesterol and cholesteryl esters, in BrM is a hallmark of aging and AMD in humans (Curcio et al., 2011) . By modifying the dynamics of BrM, reducing its elasticity and hydraulic permeability, lipids participate in the functional changes associated to aging (Booij et al., 2010) . Cholesterol is the main sterol in the retina. It is widely distributed in all cell layers of the neuroretina, including retinal ganglion cells (RGC), the most inner cells of the retina which axons form the optic nerve. Cholesterol is provided to the retina by both endogenous synthesis and circulating lipoproteins (Fliesler and Bretillon, 2010) . Cellular cholesterol deficiency and accumulation are hallmarks of Smith-Lemli-Opitz syndrome (Irons et al., 1993) and Niemann Pick type C disease (Vanier, 2014) , respectively. Both clinical cases are characterized by neurodegeneration (Vance, 2012) including in the retina (Claudepierre et al., 2010; Fliesler et al., 2004) highlighting the crucial importance of maintaining cholesterol homeostasis in neurons.
The purpose of the present review is to summarize the associations between cholesterol, cholesterol metabolism and retinal pathologies. Our paper will especially emphasize the associations between the cholesterol-metabolizing enzyme cholesterol-24S-hydroxylase (CYP46A1), RGC and glaucoma.
Retinal pathologies
Age-related macular degeneration (AMD) is the leading cause of visual impairment in the Western populations after the age of 50 years. Prevalence of AMD increases dramatically with age, late AMD reached up to 11.8% of the population above 80 years (Klein, 2013) . Advanced AMD includes patients with geographic atrophy (GA) or choroidal neovascularization (CNV). Nevertheless, AMD cannot be restricted to its advanced stages. The Wisconsin Age-related Maculopathy Grading System (Klein et al., 1991; Varma et al., 2010) remains the most widely used and recognized grading scale by ophthalmologists. Using this scale, the early stages of the disease are called maculopathies and correspond to the presence of soft, indistinct or reticular drusen or any drusen except hard indistinct, with retinal pigment epithelium degeneration, or increased retinal pigment in the macular area. Drusen are extracellular deposits under the RPE, within Bruch's membrane. Only by considering the presence of large drusen (>125 μm in diameter), the prevalence of early AMD was 23.6% after the age of 80 years (Klein and Klein, 2013) . In 2005, the Age-related eye disease study (AREDS) consortium launched a simplified scoring method for ophthalmologists, based on gradings of fundus photographs, to construct a scale for AMD severity that would evaluate the risk for developing late advanced AMD. As the number of risk factors increased from 0 to 4, the 5-year risk of advanced AMD raised from 0.5 to 50% (Ferris et al., 2005) . Drusen are the hallmarks of aging and characteristic to AMD. Drusen contain complement factor-H, -B, -I, -C3, -C5 and -C9, in addition to vitronectin, clusterin, amyloid beta, lipofuscin, C-reactive protein, advanced-glycation end-products, cholesterol and cholesteryl esters (Anderson et al., 2010) . The origin of drusen is partly uncertain but there is a large body of evidence that the partial loss of RPE function participates to their deposition in BrM. Indeed, the RPE has a dual function. It first remodels lipoproteins coming from the choroid, and therefore provides nutrients to the photoreceptors. Secondly, the RPE eliminates the debris generated by the retina to the vascular choroid. It is broadly recognized that these processes become less efficient with advanced age, leading to RPE and retinal impairments. Late AMD is characterized by the loss of central vision.
Glaucoma is the second major cause of blindness worldwide. More than 80 million of glaucoma patients are expected in the world in 2020, including 1 million bind people (Quigley and Broman, 2006) . There are different types of glaucoma that are all characterized by the loss of RGC, and consequently of the shrinkage of the peripheral visual field. Among risk factors, elevated intra ocular pressure, ethnicity, susceptibility genes are the most prominent.
The retina and the central nervous system
The retina belongs to the Central nervous system (CNS). Embryonically, the retina derives from the same neural ectoderm as the brain. The retina originates from a pool of proliferating cells that are organized in a pseudostratifed neuroepithelium. In vertebrates, the generation of neuronal and non-neural retinal cell types follows a stereotyped order. Retinal ganglion cells are generated first, followed by cones, amacrine and horizontal cells, bipolar cells, rods and lastly glial Müller cells (Centanin and Wittbrodt, 2014) . Retinal cells are commonly classified as light-sensitive cells (cones and rods), neurons (amacrine cells, horizontal cells, retinal ganglion cells), and glial cells (Müller cells, astrocytes, microglial cells). Nevertheless, beyond this simplified classification, more than 55 different types of cells have been identified in the mammalian retina. Those include 9-11 types of bipolar cells, 29 amacrine cells, 2 types of horizontal cells, 10-15 RGC (Masland, 2001) . In mature retina, the cells are organized in a fundamental plan that comprises the outer segments of the photoreceptors, the outer nuclear layer, the outer interplexiform layer, the inner nuclear layer, the inner interplexiform layer, the RGC nuclear layer and the nerve fiber layer (Fig. 1) .
The primary function of the retina is to convert the light stimulus into an electric signal that is transmitted via the optic nerve to the cerebral regions. Rods and cones are the cells that are capable to code the light signal. The initial event of the signal transduction pathway is represented by the activation of rhodopsin in the outer segments of the photoreceptors. Rhodopsin is a G-coupled protein that is enfolded in the membrane bilayer of cones and rods. Its seven transmembrane domains create a pocket which contains 11-cis-retinal (a vitamin A derivative). The energy carried by the light photon is able to isomerize 11-cis-retinal into all-trans-retinal. Activation of rhodopsin triggers the closure of cation channels, leading to hyperpolarization of the membrane. Most mammalian retinas contain 20-fold more rods than cones that form complex networks of postsynaptic cells. Glutamate is the main neurotransmitter in the retina, although most retinal neurons also respond to glycine and GABA that therefore participate to the complexity of the postsynaptic responsiveness.
Similarities and differences between brain and retinal cholesterol
Despite brain accounts for only two to three percent of total body weight, brain cholesterol represents approximatively twenty five per cent of total cholesterol (and derivatives) found in humans. Cholesterol can be found as a free form and as esters. Esterified cholesterol is a crucial component of the myelin sheath where it accounts for 70-80% of total cholesterol. Myelin, which is specifically formed by lipids such as sphingomyelin, glycosphingolipids, plasmalogens and cholesterol, is essential to protect nerve fiber. Transmission of the nervous influx along the myelin sheath is facilitated by saltatory conductivity between Ranvier nodes. Myelin sheath improves axonal electric properties and increases conduction speed of the signal to 120 m/s. It has been suggested that evolution has favored plasma membrane cholesterol to form compact myelin that rendered it competent in connecting brain in a very condensed form structure within a narrow axonal diameter (Saher et al., 2011) . On the contrary to brain neurons and axons of RGC beyond the optic nerve has left the orbit, axons of retinal neurons are devoid of myelin. Free cholesterol is the exclusive form of cholesterol in the retina. No cholesteryl esters are found therein on the contrary to the RPE and BrM (Bretillon et al., 2008) in which they accumulate as a function of aging (Curcio et al., 2009 ).
Cholesterol synthesis is relatively important during CNS development but declines until very low levels are reached at adult age (Dietschy and Turley, 2004) . From birth to adulthood, brain cholesterol quantity increases nearly ten-fold: from 1.5 to 10.6 mg in mice and from 2.7 to 32.2 g in humans (Dietschy and Turley, 2004) . This rise is due to the post-natal myelinization process. Cholesterol is an important component of normal brain cholesterol development and is a critical element of Sonic Hedgehog (SHH) morphogenic factor activation. SHH enables neuronal expansion and its inhibition leads to abnormal brain development (Vaillant and Monard, 2009) . During embryonic development, SHH acts as a factor among others which are recycled by embryo to axonal guidance across longitudinal axis of the spinal cord. SHH regulates nervous system connectivity. SHH signaling pathway is involved in cholesterol metabolism. Cholesterol allows the proteolytic cleavage of SHH which releases its N-terminal part. The latter is implicated in signaling and is covalently coupled to cholesterol (Porter et al., 1996) . Two SHH membrane receptors have been identified: Smoothened (Smo) and Patched (Ptc). Caveolin-1 (cav-1) from lipid rich-microdomains is associated to Ptc and regulated by SHH complex (Karpen et al., 2001) . Production and purification of Smo and Ptc in yeast systems leads to a better characterization of their interactions between plasma membrane and cholesterol (Joubert et al., 2009 (Bidet et al., 2011) . Smo dysregulation is implicated in a lot of cancers but also in neurodegenerative disorders such as Gorlin syndrom or holoproencephaly . Interestingly, Smo might also be an oxysterol receptor (Nachtergaele et al., 2012) .
The pathways of cholesterol intake and excretion
Brain cholesterol level works independently from food intake and hepatic synthesis. Astrocytes are responsible for the larger part of de novo cholesterol synthesis required by neurons. In astrocyte cultures, these glial cells release two to three times more cholesterol than neurons (Saito et al., 1987) . Neuronal extrinsic cholesterol dependency varies depending on considered cerebral regions and on different neurons types. This cholesterol supply allows neurons growth (Hayashi et al., 2004) and synaptic network development (Mauch et al., 2001 ). Cerebral cholesterol is in situ produced, excluding cholesterol from the blood flow to cross the blood brain barrier (BBB) and enter the brain (Bjorkhem and Meaney, 2004) . It was shown that the human brain synthesizes 6 mg of cholesterol per day. The BBB is formed by closely tightened endothelial cells and astrocytes. Less than 1 per cent of radiolabelled cholesterol enters the brain (Bjorkhem, 2006) . Several studies show that brain cholesterol does not come from plasma HDL or LDL. Neither the modification of HDL receptor nor ABCA1 expression alters brain cholesterol concentration and synthesis in mice (Osono et al., 1995; Quan et al., 2003) . These results show that lipoproteins are highly unlikely to cross the BBB and participate to brain cholesterol. On the contrary, LDL and VLDL are the preferred carriers of cholesterol to the retina (Fliesler and Bretillon, 2010) . RPE express a variety of lipoprotein-specific receptors (LDLR, SR-BI, SR-BII) and scavenger receptors (CD36) (Tserentsoodol et al., 2006) that enable the recognition of circulating lipoproteins by RPE and delivery to the retina. One must also point out that the neuroretina expresses numerous lipid-related proteins and receptors, such as ApoE, ApoA1, LRP1, LDLR, CD36, SR-BI, SR-BII, ApoB (Tserentsoodol et al., 2006) . LDL-R, SR-BI, ABCA1, ABCG1, ApoE and ApoAI are also expressed in the brain (Pitas et al., 1987) . Other molecules are specifically expressed in the brain such as ABCG4 or ABCA2 (Bjorkhem and Meaney, 2004) . Until now their exact functions in the CNS remain uncertain. They may participate to the lipid homeostasis between retinal cells, including glia and neurons. But those findings promote the hypothesis for intracerebral and intraretinal lipid homeostasis.
Cerebral lipoproteins are distinct from those found in blood flow (Vance et al., 2005) . Similarly, it was demonstrated that the RPE has its own machinery for lipid processing. RPE is able to synthesize its own lipoprotein-like particles that are highly enriched in cholesterol and cholesteryl esters, and contain ApoA1, ApoB100, ApoE, ApoCI, and ApoC-II (Curcio et al., 2010) .
Half-life of cholesterol is long in the brain with approximately 6 months (Bjorkhem and Meaney, 2004) , and much shorter in the retina with 6-7 days (Fliesler and Bretillon, 2010) .
The rate of endogenous synthesis of cholesterol in the brain is balanced by the excretion of cholesterol via ApoE-rich lipoproteins (1 mg/day) and via its conversion by cholesterol-24S-hydroxylase (CYP46A1) into 24S-hydroxycholesterol (5 mg/day) (Björkhem et al., 1998; Lutjohann et al., 1996) . 24S-hydroxycholesterol is released from neurons via ABCG1 and ABCG4 to ApoE molecules or to the CSF (Abildayeva et al., 2006) . This 24S-hydroxycholesterol flux can be recaptured by astrocytes where it regulates cholesterol and ApoE synthesis through LXR-dependent pathways (Abildayeva et al., 2006; Pfrieger, 2003) . ApoE is then released from astrocytes by way of ABCA1. 24S-hydroxycholesterol that is excluded from the recapture in astrocytes crosses the BBB and is eliminated in the blood flow (Shobab et al., 2005) .
Cholesterol-24S-hydroxylase (CYP46A1) is a cytochrome P450 enzyme that is prominently expressed in neurons (Liu et al., 2010; Lund et al., 1999) , but also by retinal ganglion cells (RGC) (Bretillon et al., 2007; Ramirez et al., 2008) . It was considered that the addition of one additional hydroxyl group to the molecule of cholesterol renders it more hydrophilic and facilitates its passage through the BBB (Bjorkhem and Meaney, 2004; Meaney et al., 2002) . Native cholesterol is oriented alongside to membrane phospholipids in such a way that the 3beta hydroxyl group interacts with the polar head of phospholipids. The 24S-hydroxyl group of 24S-hydroxycholesterol induces lateral chain reorganization of phospholipids which creates a channel whereby 24S-hydroxycholesterol can route through the opposite layer where it can be easily extracted by a lipoproteic acceptor (Bjorkhem and Meaney, 2004) . In addition, the organic anion transporting polypeptide 2 (OATP2) was suggested in the rat to be a cargo molecule enabling 24S-hydroxycholesterol to pass through plasma membrane (Ohtsuki et al., 2007) .
Cholesterol-24S-hydroxylase, 24S-hydroxycholesterol and neurodegenerative diseases
Since 1995, isotope dilution gas-chromatography massspectrometry using deuterium-labelled authentic internal standards was considered as the gold standard method for the measurement of oxysterols including 24S-hydroxycholesterol (Dzeletovic et al., 1995) . In humans, plasma 24S-hydroxycholesterol levels reflect the balance between its own cerebral production and hepatic metabolism. Hence, the ratio between brain weight and liver volume was shown to be the best marker for plasma 24S-hydroxycholesterol fluctuations from birth to adulthood in humans (Bretillon et al., 2000a) . Pathological conditions of BBB breakdown or multiple sclerosis have been associated with higher plasma levels of 24S-hydroxycholesterol (Bretillon et al., 2000b; Leoni et al., 2002) . One should hypothesize plasma 24S-hydroxycholesterol to be modified in Alzheimer's disease. It was shown that the early stages of neuronal loss in Alzheimer's disease were characterized by elevated plasma 24S-hydroxycholesterol levels (Lutjohann et al., 2000) . On the contrary, at late stages while the capacity of the brain to synthesize 24S-hydroxycholesterol was reduced due to the loss of neurons (Heverin et al., 2004) , reduced plasma levels of 24S-hydroxycholesterol were observed (Bretillon et al., 2000b) .
Accounting that glaucoma is characterized by the loss of RGC, we questioned whether plasma 24S-hydroxycholesterol would be modified in glaucoma patients. Our analysis failed to find any difference compared to controls (Fourgeux et al., 2009) . This finding would likely be due to the low capacity of the retina to participate to the plasma levels of 24S-hydroxycholesterol, compared to the brain. In addition, the time-course of RGC loss in glaucoma would likely be too slow to be seen although it was estimated to represent 4% of the RGC population per year in glaucoma compared to 0.4% per year during normal aging (Harwerth et al., 2008; Leung et al., 2011) . We published data on gene polymorphism where we reported that one single nucleotide polymorphism in cyp46a1 gene, called rs754203, was a risk factor for glaucoma (Fourgeux et al., 2009) . This finding suggested the association between CYP46A1 expression and glaucoma risk. In parallel, we tested the negative hypothesis that this polymorphism would not be found in AMD, considering that AMD is not characterized by the loss of CYP46A1-expressing cells. Indeed, we did not find higher frequency of the at-risk allele in AMD patients . In order to add more data on the role of CYP46A1 in glaucoma, we recapitulated a model of glaucoma in the rat (Schnebelen et al., 2009) , and tested whether glaucomatous stress induced changes in cholesterol, 24S-hydroxycholesterol and CYP46A1 levels in the retina. We found that elevated intraocular pressure -one of the most prominent risk factor for glaucomainduced transient changes overexpression of CYP46A1 in the retina and subsequent increase in 24S-hydroxycholesterol levels in plasma and retina . One possible explanation for this increase might be the induction of neuroinflammation in the retina but also in the brain via the secretion of chemokines such as MCP-1. We suggested that circulating factors were produced by laser-injured ocular structures, activated glial cells in the brain which secondarily overexpressed CYP46A1 and produced 24S-hydroxycholesterol . This finding highlights the crosstalk between neurons and glia in the maintenance of cholesterol homeostasis. One other work confirmed that changes in the level of 24S-hydroxycholesterol are detected by glial cells. Indeed, pharmacological inhibition of CYP46A1 triggered CYP46A1 overexpression in the retina suggesting that retinal glia would be able to sense the ratio between 24S-hydroxycholesterol and cholesterol (Fourgeux et al., 2014) . CYP46A1 expression would be an adaptive response of the retina to changes in cholesterol levels. Similar activation of CYP46A1 in microglia was already reported in the brain in response to injury (Smiljanic et al., 2010) .
Within this context, CYP46A1 would be considered as neuroprotective. Spatial, associative and motor learning defects were reported in CYP46A1 knock out mice part (Kotti et al., 2006) . Gene therapy experiments with intracerebral injections of adenovirus-associated vector containing CYP46A1 showed that CYP46A1 overexpression reduced by half the accumulation of amyloid-beta peptide in a model of Alzheimer's disease (Hudry et al., 2010) . Induction of CYP46A1 expression by astroglial cells has already been demonstrated in Alzheimer's patients, (Bogdanovic et al., 2001; Brown et al., 2004) .
24S-hydroxycholesterol formation is not the only mechanism of sterol removal from neurons. Others oxysterols have been identified. Ingoing flux of 27-hydroxycholesterol from the circulation to the brain and outgoing flow of 7-hydroxy-3oxo-4-cholestenoic acid from the brain to the circulation have been measured (Bjorkhem, 2006; Heverin et al., 2005) . Cholesterol-27-hydroxylase (CYP27A1) forms primarily 27-hydroxycholesterol and secondarily 7-hydroxy-3oxo-4-cholestenoic acid. The exact roles of 27-hydroxycholesterol in the brain are not well understood yet. 27-hydroxycholesterol might influence cholesterol synthesis by activation of LXRbeta (Gilardi et al., 2009) . CYP27A1 is expressed in all cellular types of the brain, especially in microglia (Gilardi et al., 2009 ). In addition, it was reported that neuronal stem cells eliminate cholesterol by CYP27A1 pathway whereas CYP46A1 pathway is regulated by Sp transcription factors during neuronal differentiation . These transcription factors are recruited at the cyp46a1 promoter gene level. Few data on cholesterol elimination by the inner retina and the RPE are available. No 27-hydroxycholesterol is found in the retina, but its oxidation product, 5-cholestenoic acid, is detected at high level, with major inter-individuals variability (by a factor three). Pregnenolone is a metabolite of CYP11A1 and was detected in the retina but at much lower levels than cholestenoic acid (Mast et al., 2011) . Although CYP27A1 and CYP11A1 are expressed in various retinal cellular types, CYP46A1 is specific to RGC (Bretillon et al., 2007) .
Conclusion
Retinal pathologies are one of the most prevalent pathologies in the Elderly. Cholesterol is the prominent sterol in the retina. Dysregulation of cholesterol in the retina was associated with retinal impairments, surmising its key role in neurons. Glia is an active partner of neurons by maintaining cholesterol synthesis and removal. Cholesterol-24S-hydroxylase (CYP46A1) is central for the efflux of cholesterol from neurons. Several lines of evidence suggest that under pathophysiological conditions and reactive gliosis, CYP46A1 may be induced and may be considered as a neuroprotective mechanism.
